A series of h-BN based composites with Yb 4 Si 2 O 7 N 2 as a secondary phase were successfully synthesized by an in situ reaction hot pressing method. It was found that the relative density and room-temperature mechanical properties monotonically increased with increasing the content of Yb 4 Si 2 O 7 N 2 from 20 to 50 vol%. When 50 vol% Yb 4 Si 2 O 7 N 2 was introduced, the relative density of the composite reached 98.75%, and its flexural strength, compressive strength, fracture toughness, and hardness reached 338±10 MPa, 803±49 MPa, 2.06±0.06 MPa·m 1/2 , and 2.69±0.10 GPa, respectively. The strengthening effect of Yb 4 Si 2 O 7 N 2 was mainly attributed to its high modulus and high hardness. Fine microstructure was also advantageous to strength and could lead to more tortuous crack propagation paths and then improve the fracture toughness of the composites simultaneously. Meanwhile, the composites maintained good machinability.
Introduction


Hexagonal boron nitride (h-BN), a layered material similar to graphite, is well known as an important ceramic because of its unique properties, such as thermal stability, high thermal conductivity, good thermal shock resistance [1] [2] [3] [4] [5] [6] , reliable electrical insulation, chemical inertness, excellent machinability [7] [8] [9] [10] [11] , etc. h-BN is also used to improve the thermal shock resistance, machinability, and electrical insulation of other ceramics [12] [13] [14] . However, h-BN has low intrinsic mechanical properties due to its special layered * Corresponding author. structure and poor sinterability. For example, the flexural strength and compressive strength of pure h-BN ceramic are only 75.8 and 124.1 MPa, respectively [15] . It has been shown that the incorporation of a secondary phase is an effective way to enhance the mechanical properties of the h-BN matrix [16] [17] [18] [19] [20] .
Trice and Halloran [16] introduced Y 2 Si 2 O 7 into h-BN and attained h-BN-Y 2 Si 2 O 7 composites. It was demonstrated that the flexural strength could be increased by increasing the content of additive. Similarly, the mechanical properties, especially at high temperatures, were improved by introducing Y 2 SiO 5 phase to the h-BN matrix [19, 20] . In addition to these, Y 4 Si 2 O 7 N 2 -BN composites were also studied [21] . When In this study, a series of h-BN based composites with Yb 4 Si 2 O 7 N 2 as a secondary phase were synthesized by an in situ reaction hot pressing method. The phase compositions and microstructures were investigated. The room-temperature mechanical properties, including flexural strength, compressive strength, Vickers hardness, and fracture toughness, were measured. Significant strengthening and toughening effects were obtained, and the mechanisms were discussed.
Experimental procedure
The aim of this study is to fabricate easily machinable h-BN based composites; therefore, the upper volume fraction limit of the hard secondary phase (Yb 4 The as-prepared sample surface was machined off in order to remove any contaminants before characterization. Phase compositions were identified by a step-scanning X-ray diffractometer (XRD, D/max-2400; Rigaku, Tokyo, Japan) with Cu Kα radiation. The microstructure was observed by a SUPRA 35 scanning electron microscope (SEM, LEO, Oberkochen, Germany) equipped with energy dispersive X-ray spectroscopy (EDX) and a 200 kV Tecnai G 2 F20 transmission electron microscope (TEM, FEI, Eindhoven, Netherlands).
The apparent density ( ρ ) at ambient temperature was measured by the Archimedes method. The formula for the apparent density is
where A is the mass of sample in air (g), B is the mass of sample in distilled water (g), 0 ρ is the density of distilled water at ambient temperature (g/m 3 ), and 0.0012 is the density of air.
Theoretical density ( theo ρ ) of the composite was calculated by formula (3), and relative density is the ratio of apparent density and theoretical density of the composite. Three-point bending tests were performed to measure the flexural strength ( F ). The distance of the fixture for three-point bending test was 30 mm, and the sample size was 3 mm × 4 mm × 36 mm. The crosshead speed was 0.5 mm/min. σ The fracture toughness ( IC K ) was measured using the single-edge notched beam (SENB) method on sample with dimension of 4 mm × 8 mm × 32 mm. The notches were introduced by a diamond-coated wheel slotting. The thickness of blade was 0.15 mm, and the width of the notches was 0.2 mm. The inner and outer spans of the four-point bending test were 10 and 30 mm, respectively, and the crosshead speed was 0.05 mm/min. The testing surfaces of the samples were polished with a diamond paste of 1.5 μm to minimize the machining flaws before the bending test, and at least three samples were measured for each condition.
Compressive strength was determined by measuring seven samples with a size of 2 mm × 2 mm × 4 mm. The height of the sample was parallel to the direction of hot pressing. A crosshead speed of 0.5 mm/min was used in compressive test. The Vickers hardness ( V H ) was measured at a load of 4.9 N with dwell time of 15 s, and the given value was the average of seven separate measurements.
Results and discussion
1 Phase compositions and microstructure
The XRD patterns of h-BN based composites with different volume contents of Yb 4 Si 2 O 7 N 2 are shown in Fig. 1 Table 2 . The apparent density increases from 2.15 to 4.75 g/cm 3 as the volume content of Yb 4 Si 2 O 7 N 2 increases from 10% to 50%. At the same time, the relative density of the as-prepared composites increases from 77.34% to 98.75%. This means that the introduction of Yb 4 Si 2 O 7 N 2 can improve the sintering ability of the composites. It is known that h-BN grains would grow easily along the direction perpendicular to the c-axis under high-temperature conditions, and the layered h-BN grains contact each other to form a "card bridge structure" [29] . However, when the content of the secondary phase is increased, the "card bridge structure" would be damaged, which is beneficial for the rearrangement of h-BN grains. Therefore, sample density increases as the content of Yb 4 Si 2 O 7 N 2 increases. The increase of the relative density of the composites would be of undoubted benefit to the improvement of mechanical properties [30] . As the relative density of the BYb10 sample is too low, reliable mechanical properties could not be obtained. Therefore, the composites containing 20-50 vol% Yb 4 Si 2 O 7 N 2 were mainly studied. Fig. 2(a) Fig. 2(b) .
According to the morphologies of the fracture surfaces after bending tests, h-BN mainly shows laminated cleavage, while Yb 4 Si 2 O 7 N 2 mainly presents the transgranular fracture in sample BYb20, as shown in Fig. 2(c) . However, for sample BYb50, h-BN shows the characteristics of laminated cleavage and transgranular fracture, and Yb 4 Si 2 O 7 N 2 exhibits the transgranular and intragranular mixed fracture, as shown in Fig. 2(d) . On the other hand, it can be found that the size of Yb 4 Si 2 O 7 N 2 particles is approximately 1-3 μm. Because finer microstructure can be obtained when the raw powders have small particle size [31] . The particle sizes of Yb 2 O 3 , SiO 2 , and Si 3 N 4 used in this work are 3, 1, and 1 μm, respectively, and the sizes of these powders could be smaller after ball-milled for 12 h; therefore, the reactive product Yb 4 Si 2 O 7 N 2 also has finer microstructure. In addition, when more Yb 4 Si 2 O 7 N 2 is introduced into the composites, which would effectively inhibit the growth of h-BN, so h-BN could also possess finer microstructure.
TEM was used to investigate the microstructure of the BYb40 composite. Figures 3(a) and 3(b) show the bright-field images. White h-BN grains present layered morphology, and black Yb 4 Si 2 O 7 N 2 particles exist with irregular shape. Figure 3(c) is an HRTEM image of the interface indicated by the rectangle in Fig. 3(b) . There are no amorphous or other impurity phases at the interface, and no micro-cracks between two phases, which demonstrates a good interfacial combination. However, due to the layered characteristic and the weak combination between layers, there are many micro-cracks in the h-BN grains. This phenomenon has been observed in many ceramic materials containing h-BN [16, 29, 32, 33] .
2 Mechanical properties
The effect of the Yb 4 Si 2 O 7 N 2 phase on the strength is shown in Fig. 4 is approximately 343%, i.e., from 181±27 to 803± 49 MPa. In particular, flexural strength is improved dramatically when the Yb 4 Si 2 O 7 N 2 content increases from 20 to 40 vol%, and it is almost stable from 40 to 50 vol%. Meanwhile, the compressive strength of the composites tends to increase linearly. It could be seen that h-BN/Yb 4 Si 2 O 7 N 2 composites possess higher strength than pure h-BN ceramic (75.8 MPa for flexural strength and 124.1 MPa for compressive strength) [15] , and many other reported h-BN based composites, such as h-BN/Y 2 SiO 5 [20] , h-BN/Y 2 Si 2 O 7 [16] , h-BN/SiAlON [17] , and Y 4 Si 2 O 7 N 2 /h-BN [21] .
Similar trends can be seen in both fracture toughness and Vickers hardness as shown in Fig. 5 . The fracture toughness increases from 1.57±0.05 to 2.06±0.06 MPa·m 1/2 as the volume content of Yb 4 Si 2 O 7 N 2 increases from 20% to 50%, while the Vickers hardness is improved dramatically. Compared to 0.45±0.03 GPa for BYb20, the value of Vickers hardness for BYb50 is 2.69±0.10 GPa.
The strengthening effect of Yb 4 Si 2 O 7 N 2 should mainly result from its high modulus (~174 GPa) and high hardness (~9.13±0.44 GPa), which could lead to the high deformation resistance. Coupled with the good interface combination between h-BN and Yb 4 Si 2 O 7 N 2 , the second strengthening phase can carry a load effectively. On the other hand, since the relative density increases with increasing the content of Yb 4 Si 2 O 7 N 2 from 20 to 50 vol%, the defects should decrease consequently, and then the strengthening effect becomes significant.
In the Vickers hardness tests, no extrusion or upheaval of grains in the vicinity of indentation could be observed in all composites. However, micro-cracks exist along the direction of the indentation diagonal, which indicates that the fracture energy releases in the way of crack propagation during high applied load (49 N) on the composites. Figure 6 shows the crack propagation path of the BYb50 composite. Crack deflection and bridging could be observed as the crack followed a tortuous path. It can be seen that the crack propagates not only in the h-BN matrix but also in the Yb 4 Si 2 O 7 N 2 phase. Additionally, the cracks could propagate along the interface between the h-BN and Yb 4 Si 2 O 7 N 2 phases. For its high modulus and high hardness, the strengthening phase Yb 4 Si 2 O 7 N 2 can consume more fracture energy during the processes of crack propagation. Meanwhile, the fine and even interlocked microstructure of the composites could lead to a simultaneous improvement of strength and toughness [34] .
Due to the hardness of the h-BN/Yb 4 Si 2 O 7 N 2 composites being relatively low (﹤3 GPa), all samples obtained could be easily machined by tungsten carbide tools, which indicates that these composites maintain good machinability. As Yb 4 Si 2 O 7 N 2 possesses a higher Vickers hardness, it is difficult to be machined. Therefore, the machinability of h-BN/Yb 4 Si 2 O 7 N 2 composites results from the layered h-BN. The layered structure of h-BN is prone to interlayer splitting during machining, which can absorb a large amount of strain energy, prevent the crack's propagation, and induce composite fracture on a microscopic scale. Table 3 lists a comparison of machinability of some materials evaluated by the value of V I / 
